This paper quantifies the effect of three policy levels on the water and energy futures of Melbourne, Australia. During a time of severe water shortages attributed to climate change, water strategies lacked consideration of energy consequences. Modeling, guided by urban metabolism theory, demonstrated that a compact urban form, reduced water consumption by 90 GL/a, compared with a sprawling city, and had greater water conservation impact than simulated demand management measures. Household water conservation, coupled with increased use of solar hot water systems, reduced grid energy use by some 30 PJ/a. Desalination, tripled water supply energy demand, growing to a total of 4.5 PJ/a, by 2045. While the increase is less than 1% of total Melbourne urban energy use, it contributes to a substantial increase in the energy bill for urban water provision. Importantly, the energy impact could be offset through demand management measures. Recommendations for the combined management of water and energy include improving energy characterization of the urban water cycle; impact-evaluation of regional plans; using total urban water and energy balances in analysis to provide context; and developing reporting mechanisms and indicators to help improve baseline data across the water and energy systems.
INTRODUCTION
up to a 25% reduction in catchment inflows for some cities (WSAA ). Australian cities have responded to this period of water stress by developing strategic water plans that have the purpose of providing water security in the face of uncertain rainfall and inflows, and increasing demand being driven by population growth (Rijke et al. ) . Strategic water plans were underpinned by the adoption of rainfall independent water sources, most significantly desalination of seawater by reverse osmosis, together with a focus on water efficiency measures and demand reduction (Donald & Seeger ).
However, the development of water plans gave relatively little consideration to the energy implications of adaption strategies. Australia had not ratified the Kyoto Protocol at the time and had no firm long-term greenhouse gas mitigation target. It was not easy, or even possible, to see how the actions of 'solving' one problem in the system (such as water), could lead to influences elsewhere (such as energy). The influence of longer-term processes such as land use planning or urban form were even further from the discussion, as was the energy implications of water conservation. Since 2007, the rapid anticipated growth of energy demand for urban water provision in Australia, due to adoption of rainfall independent water sources, has become increasingly clear (Kenway et al. b; Chanan et al. ; Hall et al. ) . It has been identified that as water and energy are intrinsically connected, there is need to develop complementary long-term strategies for water security and energy management (Dubreuil et al. ) . Scott et al. () made the point that considering the water-energy nexus requires more than a focus on opportunities for resource efficiency but also needs to consider the policy frameworks underlying decision-making processes.
This research aimed to improve knowledge of the interconnections of urban water and energy. In particular, the research addressed the question: how would the pattern of existing water and energy use shift under a range of policy scenarios for a major city? Critically, the research approach linked both water and energy issues to the urban footprint of Melbourne and the land use pattern. Consequently, we sought to characterize flows of water and energy influenced by water, within the total urban consumption of Melbourne.
Importantly, we sought to identify how policy at the level of The focus and contribution of this article is on the following:
• Identifying the relevance of the analysis in the international literature.
• Updated energy analysis of the various water supply options. For example, it includes more current energy intensity values of water supply options in scenarios.
• Provides a relatively rare example of the application of urban metabolism theory in order to gain insight into the water-energy nexus.
• Identify the implications for city-scale management and design of water and energy efficient cities.
Our intention was to help inform the design of an efficient future city; a city which drew less water and energy.
Such a city would be arguably competitive in a future where water and energy (or carbon-dioxide emissions) availability are more constrained.
BACKGROUND Population and urban form
Melbourne is home to over 3.5 million people, and is Australia's second largest city. The city's population is predominantly accommodated in low density separate dwellings, which has resulted in considerable urban sprawl. In response to issues associated with urban sprawl Both documents set strategies for the growth of the metropolitan area to accommodate an expanded population. A key direction of this strategy was the setting of urban growth boundaries to limit sprawl and encourage higher density development. Increasing the density of Melbourne's is a very contentious issue due to perceived effects on land value inflation, over-crowding and loss of open space (Chhetri et al. ) .
Water system and climate
Melbourne has historically relied upon water supplied from natural catchments, which is largely supplied by gravity from ranges to the east. Minimal water treatment is required in this system because the water catchments are largely protected and consequently deliver relatively clean water (Donald & Seeger ) . In Victoria, water heating accounts for 27% of total residential energy demand (ABS ). Other significant household demands for energy are heating and cooling (39%) and appliance use, including lighting (30%). Therefore, a water demand management strategy that focuses on a shift to cleaner energy sources for water heating, such as solar hot water systems (HWS), and increased efficiency of hot water appliances, could be expected to significantly reduce residential draw on energy demands from the city network. As the majority of Melbourne households use gas as an energy source for water and space heating, a focus on appliances and hot water would also address the majority of household greenhouse gas emissions.
Per capita indoor water consumption decreases with increasing household size (Birrell et al. ) . In Melbourne, it is projected that the number of households will increase at a greater rate than population due to demographic shifts, such as an ageing population and lower fertility, which will lead to an increased proportion of single person and two person households. The projected impact of urban consolidation and demographic change on Melbourne has been explored by Birrell et al. () This paper aimed to contribute a hierarchical analysis of policy options within this metabolism framework. Our intent was to be as systematic as possible with regard to the total water and energy flows through the city. The complexity of the urban water system inevitably meant that not all water flows could be examined. Consequently, water balance elements such as groundwater seepage and evapotranspiration loss were not quantified. However, many of these elements are not even currently dealt with even in advanced urban modeling analysis focused solely on water balance (Kenway et al. a) . Other elements of the urban metabolism framework (such as food and materials inputs and waste and product outputs) were excluded from this study for reasons of practicality.
METHOD
In this section, we first describe the analytic framework used to simulate the scenarios of water-energy outcomes for Melbourne. The settings for the six scenarios are then described, • water stocks or flows including surface (rivers, wetlands) and major storage (dams);
• water discharge to groundwater/aquifers from all water uses, tracking water quality as unpolluted, blackwater, greywater, stormwater;
• water regions are major catchment basins and are linked in the framework according to the river networks;
• water transfers occur between water regions as well as inter-state;
• additions to and extractions from all water stocks, by centralized systems; or self-extracted means;
• energy required for potable treatment and pumping sewage; treatment and pumping; desalination; and interregion transfers.
Scenario settings
Six scenarios of development to the year 2045 were designed to identify the potential influence of policy options at three levels: urban form, residential water end-use and water service provision (Table 1 ). The key objective was to investigate a set of factors that influence the urban water system and its interaction with the energy system.
A baseline was also considered including minimal additional demand management or uptake of solar HWS. and 1b. Respectively they adopt the 'conventional' or 'desalination' water supply options identical to Scenarios 1a and 1b which are described above.
Common scenario assumptions
All scenarios also assumed the following:
• By 2050 Victoria's population grows to approximately 6.7 million of which 4.9 million live in the Melbourne statistical division (DSE ).
• There is 2% per capita growth in material and energy consumption -consistent with trends over the last decades (Turner & West ).
• Low-flow showerheads reduce water consumption by 40% over conventional systems and that water efficient washing machines use 30% less water.
• The present methods of electricity generation continue into the future.
• A 'medium' climate change scenario ( • Residential outdoor water use increases due to climate change impacts (Moran ).
• Dam levels are maintained at 2001 levels through a 50/50 combination of diversions from rivers and inter-region transfers where possible, otherwise solely from river diversions.
• Low-, medium-and high density residential development 
RESULTS AND DISCUSSION
Key analysis points for this project included residential water demand, energy required for water supply, total residential energy demand, total urban systems energy demand, flows in major regional rivers, water demand for electricity production, the fraction of flows by-passing storages, and urban stormwater flows. and six scenarios is presented in Table 2 . The effect of a particular change can be determined by comparing two scenarios with all features in common other than the effect being analyzed. Apart from energy use associated with the water system, implications of scenarios on Melbourne's total energy consumption were not assessed. In this analysis, the additional energy for transporting desalination or treated relatively static (for compact Melbourne), high density residential areas used significantly more water (Figure 1 ). This is because the total area of high-density residential land increases in this scenario.
Urban form also had implications for surface water flows.
Our simulations indicated that a more compact city (Scenarios 1a and 1b) had reduced stormwater flows compared with the sprawling city. An expanding city increases the area of impervious surfaces and hence of stormwater flows.
For the urban sprawl scenarios, the stormwater flows increase for about 20 years however they decrease after that time. The decrease is due to the expected influence of climate change.
The direct and indirect effect of water conservation which was used by Melbourne. Additionally, the demand management and solar HWS options in Scenario 2c
reduce energy use by utilities by 0.14 PJ/year for water supply, as well as about 30 PJ/year in reduced residential energy use. This is due primarily to the effect of solar HWS; it represents approximately a 12% difference in residential energy demand from the forecast baseline.
Demand management is expected to contribute even further to reduced energy associated with in-house water heating (e.g. through targeted conservation of hot water); however, it was not able to be separated in this analysis.
There is only a marginal decrease in the energy required for water supply for the demand management strategy relative to the baseline scenario. This is due in part to
Melbourne's water supply catchments being situated in the upper reaches of the Yarra Ranges, meaning the system is largely gravity fed, thus reducing reliance on energy for pumping of urban water supplies.
The effect of water supply options (Level 3)
Water supply strategies differed substantially with regard to The 'metabolic' approach adopted for this project helps
show that the increased energy intensity of desalination could be readily offset through a shift to end-use demand management strategies and solar HWS. In so doing, it helps open options for water service providers to find alternative solutions for providing water supply solutions and simultaneously contributing to greenhouse gas mitigation targets.
Desalination scenarios required less water to be diverted from natural rivers to storage, reducing pressures on river flow. Figure 2 shows the fraction of river flow that is bypassing dams for the Yarra, Maribyrnong and Werribee rivers under a conventional water service Scenario (2c) and a desalination Scenario (2d). Climate change impacts decrease overall river flow substantially in both scenarios.
However, desalination may have other impacts of a negative nature, which were beyond the scope of the current work to analyze, such as the production of brine effluent General discussion and recommendations to improve water and energy co-management
To our knowledge, this analysis represents a first simultaneous analysis of the entire water cycle, energy and land use futures of a major city. In a carbon and waterconstrained future, it will be necessary to decide not only the total amount of water and energy needed to sustain urban systems, but also to agree on the acceptable associated impacts. Understanding the water-energy interface will be critical to optimize urban performance and protect the environment that sustains them.
While this analysis was based on a particular Australian city, there are broader design implications for all cities. In particular, the outputs have demonstrated there is the need for a trans-sector approach to minimize the water, energy and carbon footprint of urban areas. This trans-sector approach to strategic land use planning needs to include departments and organizations from the energy and water sectors.
We were surprised that urban form had a stronger implication on water use than the demand management strategies proposed. Likewise, it was a surprise that water conservation and solar HWS had a far greater energy impact, via end-users, than the anticipated energy impacts at water utilities.
The urban metabolism approach helped to highlight total flows of urban water and energy. Awareness and accounting of these flows is a first step towards their combined management. The metabolism method helps lead policy-makers towards options which will have more substantial influence on material flows. Such an approach is necessary if we seek to genuinely solve problems, rather than simply shift them around.
Clearly the way any particular city performs with regard to its water and energy efficiency will depend significantly on attributes specific to the city. In future, it would appear strategic for future city blueprints to simultaneously consider the implications for water and energy as well as their interactions. Water and energy issues would also ideally be considered in regional land use planning such that the energy intensity of water (and water intensity of energy), is considered in urban design. In order to advance such measures it may be necessary to first commence reporting to agreed 'whole of system' indicators to enable an improved baseline of information on which scenarios can be considered.
A challenge for future analysis of urban water-energygreenhouse interactions is to bring together information and skill sets which have traditionally been managed separately. These include water and energy supply, use and conservation as well as urban and regional planning. Investigations which integrate across these boundaries will help progress our understanding of our complex urban systems.
It will also help improve the environmental design and management of our future cities. When this increase is placed in context with the total energy consumption for Melbourne, the increase is less than 1% of total urban energy use, however it contributes to an anticipated six-fold increase in the energy bill for urban water provision by 2020 (from 2007 levels). The 'metabolic' approach adopted for this project helps show that the increased energy intensity of desalination could potentially be offset through a shift to end-use demand management strategies and solar HWS. In so doing, opens alternative solutions for water utilities to provide water supply solutions, and simultaneously contributing to greenhouse gas mitigation targets through the wider water system.
CONCLUSIONS
The 'metabolism' approach adopted for this study made transparent the interconnections and feedbacks between water and energy in different parts of the system. By quantifying the total flows through Melbourne, it helped to (a) highlight potential steps towards their combined management and (b) place the impact of these flows in context.
While further and more detailed scenarios analysis would be necessary to guide infrastructure and development-related decisions, a number of recommendations can be made to improve policy and action in the domain of urban water and energy interactions. These include:
improved energy characterization of the urban water cycle; evaluation of regional plans for their impacts on and interactions between water and energy; using total urban water and energy balances in analysis to provide context; and developing reporting mechanisms and indicators to help improve baseline data across the water and energy system.
